The change of magnetoresistance (MR) peaks according to the direction of the film sample relative to the magnetic field has been investigated for various angle configurations of the sample relative to the field. When the sample is in the same plane as that of the magnetic flux, the MR peaks are found to change their shapes, as the sample is rotated through an axis perpendicular to the sample surface, and finally to show their minima at the rotation angle of 45
Introduction
In magnetoresistance (MR) measurements, two MR peaks are observed in the process of reversing the magnetic field direction back and forth. These peaks occur as a result of the randomization of magnetization vectors in domains due to the reversed magnetic field. Furthermore, in anisotropic magnetoresistance (AMR) measurements, if the direction of current relative to the magnetic field changes gradually, the MR peaks are observed to change from valley-type shapes to bell-jar-type ones. The shape of MR depends on the direction of current relative to the field. That is, if the current is parallel to the field, valley-shaped MR peaks [called positive MR (PMR)] are observed, while if the current is perpendicular to the field, bell-jar-shaped MR peaks [called negative MR (NMR)] are obtained. This difference in the shape of the MR peaks is mainly due to the opposite effect of the magnetic field on the conduction electrons in the two different current directions. Thus, in the AMR measurements, if the direction of current relative to the magnetic field changes gradually, the components of the current parallel and perpendicular to the field are changed accordingly, and thus the gradual transition from PMR to NMR behavior can be observed. Experiments to study this behavior of MR peaks, according to the relative angle between the current and the magnetic field, have rarely been reported. 1, 2) The relative difference between the components of resistivities of which the directions of magnetization are parallel and perpendicular to the current, called the anisotropy effect, is being intensively studied in various magnetic film systems [3] [4] [5] for possible applications to information storage devices or magnetic sensors. However, detailed observation of the changes in the magnitude of resistivity or the shape of MR peaks with respect to the field orientation is rare in the literature. In addition, all of the experiments presented thus far regarding the AMR measurements have been performed in an angle configuration such that the magnetic field is in the same plane as the current.
6) However, it is possible to observe new phenomena in the MR peaks if the angle between the sample direction and the magnetic field is varied, in addition to changing the magnetic orientation relative room. Therefore, we expect that there was no contamination of the sample film. During the evaporation, we maintained the growth rate at about 0.1 Å/s for all sample films.
The characteristics of the grown films were investigated utilizing X-ray diffraction (XRD), X-ray fluorescence spectrometry (XFS), and scanning electron microscopy (SEM). The films showed a principal peak in the (111) direction in XRD patterns, which reflected the direction of growth of the films. No impurities were detected in the XFS measurements. SEM images of the film samples are shown in Fig. 1 . In these images, we note that nearly uniform grains are formed throughout the sample. We also note that this grain size enlarges as the film thickness increases.
A schematic figure for the experimental setup is shown in Fig. 2 . The film sample is placed firmly on the mounting platform of an angle controller set which is designed to control the angle of film sample over the entire space of 4π radians. It is connected to precision rotators (rotary feedthroughs and motors, controlled by motor controllers) with an accuracy of about 0.2
• . The angle controller set, guided by three spacto the current. The systematic observation of the MR peaks, with respect to the angle between the sample direction and the magnetic field, provides detailed information about the mixing of the PMR and NMR signals in MR. In addition to this, the results provides important information about possible applications to magnetic memory devices, which were recently noted for wedge-like film structures. 7) Based on this concept, we found interesting results in behavior of MR peaks for various angle configurations of the sample to the field.
Experimental Details
Nickel films were grown with 99.999% bulk nickel on substrates of Corning 7059 Na-free glass using a LEYBOLD UNIVEX 450 e-beam evaporation system. The glass substrate was cleaned by boiling in distilled water for half an hour, and then using standard wafer cleaning processes. The evaporator was pumped by a turbo pump system down to 10 −10 Torr, and maintained at 10 −8 Torr throughout the evaporation. The thickness of the film was measured with a quartz oscillator and controlled automatically using a thickness controller (IC/4 PLUS) via a computer. All of the evaporation processes mentioned above were performed in a clean I. RHEE and C. KIM 6231 ers to avoid any tilting, is located inside vacuum chamber. The vacuum chamber was evacuated to reduce the effect of temperature fluctuation, but later this effect was found to be negligible. The data were obtained by the standard four point measurement technique. An HP 6115A precision current source was used for the current flowing through the sample. The voltage drop across the sample was measured using an HP 34420 nanovoltmeter. The acquisition of data was performed by a computer through an IEEE interface card. Using a computer program, the magnetic field was changed very slowly (typically less than 2 G in a step) through an IEEE cable from zero to the magnetic field at which the sample was sufficiently saturated, then down to less than the negative saturation field, and finally back to more than the positive saturation field, which completes one cycle. The data set of the magnetic field versus the voltage drop across the sample were taken for several cycles. The MR loops for these cycles were found to coincide well.
The MR data were obtained for several angle configurations of the sample relative to the field, and are shown in Fig. 3 . In the angle configuration in Fig. 3(a) , the film surface is in the same plane as that of the magnetic flux. The sample, fixed in this plane, is rotated through an axis perpendicular to the film surface (this rotation angle is referred to as φ hereafter). On the other hand, in the angle configuration in Fig. 3(b) , the sample is inclined relative to the field, and thus in addition to the rotation angle, φ, the inclination angle, θ , is introduced. Therefore, the angle configuration in Fig. 3(a) is said to be a special case of θ = 0
• in the configuration in Fig. 3(b) . Finally, in the angle configuration in Fig. 3(c) , the sample is placed in the plane perpendicular to the field, and then rotated through an axis parallel to the sample. In this angle configuration, we can consider two different current directions. That is, the current can be parallel or perpendicular to the plane of magnetic flux, as depicted in Fig. 3(c) . These current directions are important because the MR shape strongly depends on these current directions.
Results and Discussion
The MR loops, corresponding to the various rotation angles, were obtained at a certain inclination angle, θ . Then, the inclination angle was changed and the same experiments were performed. These procedures correspond to the MR measurements for the angle configurations of Figs. 3(a) and  3(b) . From the MR loops obtained with these angle configurations, we can observe the transition from the PMR to NMR behavior, which is manifested by the change in the shape of MR peaks from the valley-type to the bell-jar-type ones. This change of the MR peak shape is gradually achieved according to the angle φ, and thus it can be explained by the mixing of the PMR and NMR signals in MR. The PMR is observed due to the current parallel to the field, while the NMR is observed due to the current perpendicular to the field. Thus, if the sample is rotated, that is, as the angle φ changes, the contributions of the NMR and PMR signals to MR change accordingly, and eventually the MR peaks show their minima at which the components of the current which are parallel and perpendicular to the field become the same. Examples of this behavior of MR signals are shown in Fig. 4 . These are MR data for the 500 Å sample. In this figure, the change of MR loops according to the rotation angle is clearly seen and compared with two representative inclination angles of zero and sixty degrees. Let us consider first the case of the zero inclination angle, in which the sample is in the same plane as the magnetic field. In this case, at φ = 0
• , where the current is parallel to the magnetic field, only the PMR contributes to the MR signal, and thus valley-type MR peaks are observed. As the angle φ increases, the component of the current perpendicular to the magnetic field is included and thus the NMR also contributes to the MR peaks. According to the increase of NMR contribution to the MR peaks, the shape of MR peaks is gradually changed, and finally the MR peaks show their minima at the angle where the NMR and PMR contribute equally to the MR peaks. This angle of complete mixing (which is referred to as φ mix from now on) for the case of zero inclination is 45
• . However, if the inclination angle, θ , is introduced, it is somewhat difficult to differentiate the current into com- this figure, the values of φ mix for the films of two different thicknesses coincide well. In Fig. 7 , the theoretical relation of eq. (1) is also plotted as a solid line. We can see that eq.
(1) is fitted to the data of φ mix very well. For the θ = 0 • case, the resistivity at a certain field above saturation is known to oscillate according to the rotation angle φ as 8) 
where ρ and ρ ⊥ represent the components of resistivity for the currents parallel and perpendicular to the magnetic field, respectively. For the case of θ = 0 • , the resistivity data are found to be well fitted to eq. (2), as shown in Fig. 8 . For the inclined sample, the resistivity at a field above saturation is also observed to oscillate as a function of the rotation angle φ, but the shape of the oscillation curve is found to shrink toward the angle of 90
• , deviating from cos 2 φ behavior. This behavior is also well explained from the viewpoint of the mixing mechanism, that is, as the angle θ becomes larger, the NMR contribution to the resistivity starts at the larger rotation angle, which results in the shrunken shape of the resistivity oscillation curve.
Next, let us consider the angle configuration in Fig. 3(c) . In this angle configuration, the direction of current relative ponents parallel and perpendicular to the field. This differentiation can be performed as shown in Fig. 5 . In this figure, the magnetic field is decomposed into the components parallel and perpendicular to the current. We can see in this figure that the thickness of film is exaggerated. Also, to understand this figure, we must recognize that the flux of magnetic field in a certain direction constitutes a plane. The components of magnetic field parallel and perpendicular to the current are given by B (cos φ sin θ +cos φ cos θ) and B(sin φ cos θ +sin φ sin θ) , respectively. Among the two terms of the perpendicular component shown above, the B sin φ sin θ term represents the component of magnetic field perpendicular to both the current and the film surface, as shown in Fig. 5(b) . Thus, this component does not contribute to the NMR peaks in our treatment of thin film due to the considerable demagnetization effect along this direction. Complete mixing is achieved at the angle where the two components of the magnetic field become equal. This angle is easily obtained as
The value of φ mix is experimentally determined as follows: the components of PMR and NMR, which are represented by the heights of the peaks corresponding to each component, are obtained from the MR loops. These are plotted as a function of the rotation angle φ. Then, the angle of φ mix is identified as the angle at which the magnitudes of the two components coincide. One example of this procedure is shown in Fig. 6 , which is the case of θ = 60
• for the 500 Å sample. The value of φ mix , obtained in this way is plotted as a function of the inclination angle θ , which is shown in Fig. 7 . As shown in to the field does not change, regardless of the rotation angle, which is different from the case of the angle configuration in Fig. 3(a) [and Fig. 3(b) as well]. If the sample is rotated by an angle of φ in the configuration in Fig. 3(c) , the magnetic field responsible for the flip of the magnetization vectors, during the reversed magnetic field process, is reduced to H cos φ, which is the projection value of the magnetic field along the film surface. At the zero rotation angle (i.e., magnetic field parallel to the surface of film), the entire value of the field H is used for the randomization of magnetization vectors, and thus the magnetic field difference between MR peaks (FDMP) becomes very small. As the rotation angle increases, the effective field usable for the randomization of magnetization vectors is reduced, and thus the FDMPs become larger as a function of 1/ cos φ. In the other extreme case, at 90
• , the field able to rotate the magnetization vectors becomes zero. This indicates that at this angle the magnetization vectors are not able to be rotated regardless of how high a field H is applied, which means that the MR peaks cannot be observed. We used this peculiar behavior at 90
• to find the exact 90
• position of the film samples. We can consider two different current directions in the angle configuration in Fig. 3(c) . The first is when the current flows perpendicular to the plane of the magnetic field. The second is when the current flows in the same plane as the magnetic field. These two current directions results in different MR shapes, that is, for the first case, PMR is observed, while for the second one, NMR is detected. However, for both cases, the resistivity at a field above saturation does not in Fig. 10 . In this figure, the data for two different current directions are plotted together. As shown in this figure, we can see that for all cases, the behavior of 1/ cos φ is well preserved.
Conclusions
The change in MR peaks according to the direction of film sample relative to the magnetic field has been investigated for various angle configurations of samples relative to the field. The shape of the MR peaks was found to depend on the relative direction of the film surface to the field. This is due to the mixing of the PMR and NMR signals in MR. The contributions of PMR and NMR signals to MR depend on the components of current parallel and perpendicular to the magnetic field, respectively. Therefore, various types of change in MR peaks can be observed if the film sample is inclined relative to the field, or rotated through an axis parallel or perpendicular to the field.
In the angle configurations in Figs. 3(a) and 3(b), we observed the mixing of PMR and NMR signals in MR. The angle of complete mixing was found to depend on the inclination angle. This can be explained by the mixing mechanism, which is expressed as eq. (1). We also obtained resistivity oscillation curves whose shapes were strongly dependent on the inclination angle, which could be also explained by the mixing mechanism. Here, the resistivity is referred to as that at the field above saturation.
On the other hand, in the angle configuration of Fig. 3(c) , the FDMPs were found to increase as a function of 1/ cos φ. This behavior was well explained by the concept of the effective magnetic field. Fig. 9 . MR signals for the angle configuration of Fig. 3(c) . Only the data for the large angle region are plotted here. These data are for the 500 Å sample. The upper figure of PMR signals is for the case of current parallel to the field, while the lower figure of NMR signals is for the case of current perpendicular to the field. In this figure, the ordinate is offset to avoid overlap in the peak regions. The data for these two samples are seen to collapse well on a line. Note that the data for two different current directions (parallel and perpendicular to the field direction) coincide well. The solid lines on the data are visual guides. In the inset, the data in the large angle region are more clearly shown. Here, the bold solid line represents a fitted line of a function of 1/ cos φ for the perpendicular current case of the 500 Å sample.
